Abstract-We report the realization of a confocal THz microscope based on a ~ 3 THz quantum cascade laser source. A resolution as low as 67 µm is achieved, with a large contrast enhancement allowed by the confocal geometry. The capability of imaging overlayed objects on close-by planes is also demonstrated.
INTRODUCTION AND BACKGROUND
HERE are presently great expectations from THz microscopy, especially as a potential diagnostic tool in the quality inspection of various industrial products or even in the biomedical analysis of human tissues. In this direction, confocal microscopy [1] appears to be an important goal, for it can sensibly reduce the depth of field of the microscope, as well as improve its resolution and contrast, making it very useful for inspection of close-by surfaces, where different planes have to be clearly distinguished, or where a depth information is crucial. Confocal microscopy at THz frequencies has been implemented for the first time only recently [2, 3] with an estimated lateral resolution as fine as 310 µm and an axial resolution as deep as 400 µm.
The recent invention [4] of quantum cascade laser (QCL) emitting at THz frequencies is enabling further improvements in THz imaging technologies thanks to the availability of compact and powerful laser sources, yielding enhanced dynamic range and higher acquisition speed. In the present work, we report on the implementation of the first confocal imaging system based on a QCL, in this case emitting at 2.9 THz.
II. RESULTS
The experimental set-up is schematically depicted in Fig. 1 . The QCL employed in the system was mounted on the cold finger of a Stirling cryocooler, maintained at a temperature of about 29 K, and was driven at a current of 750 mA with 67.7 µs broad pulses at an effective 50% duty cycle. As spatial filter, to ensure a regular Gaussian beam profile, we employed a metal-coated pinhole having a diameter of 200 µm. The output of the pinhole was collimated with a TPX lens (NA ~ 0.447) and focused in the sample area with a Si meniscus lens (NA ~ 0.707). The transmitted signal was then collected with an identical Si lens and focused on a second confocal pinhole of 300 µm diameter. After that, the radiation was sent to a Si bolometer detector through parabolic optics. The resolution of the system was tested by means of the scanning knife-edge technique [5] , which gives an estimated focus waist of 132 µm, that is, according to the Rayleigh criterion, a lateral resolution of about 67 µm and an axial resolution less then 400 µm. In order to highlight the effective advantages induced by the confocal arrangement, we characterized the defocusing of a test sample composed by two polyethylene disks featuring arrays of 400 µm Al squares on the surfaces, kept at a distance of 1.5 mm from each other. Results are shown in Fig. 2 . The confocal images are depicted in the second row (panels b, c, d), while the non-confocal ones are reported in the third one (panels e, f, g). Although the images at the bottom could R. U. appear, at first glance, clearer and of a better quality -because of the higher signal detected -the measure of the contrast is unambiguously in favor of the confocal configuration: C confocal = 0.84 while C nonconfocal = 0.27. row (on panels b,c,d), while the not confocal ones are reported on third one (on panels e,f,g) . Although the image on the bottom could appear, at first glance, clearer and of a better quality -because of the higher signal detected -the measure of the contrast is unambiguously in favor of the confocal picture: C conf ocal = 0.84 while C nonconf ocal = 0.27. The suitable results encouraged us to image some real objects too. However, since the amount of radiation arriving to the bolometer even in the absence of any sample is still very low (a few decades of nW average), the transmission geometry imposed strict requirements on the choice of the selected sample that had to be relatively thin and not too absorbing at THz frequencies. This is the reason why the results we report refer to individual layers and thin sheets.
In order to illustrate the high resolution capability of the microscope, we chose to capture the image of a fresh the distance between them was about 1.2 mm, letters were written using a pencil. The left image was the nearest, along the optical axis, to the QCL. THz images of the paper planes using a linear colormap are shown in panels (f ) and (g): the acquisition time for each pictures was about 11 hours (120x100 pixels).
leaf. The main reason for this choice resides in the possibility of exhibiting a very high contrast due to the presence of water in the veins of the leaf. A photograph of the sample under investigation is reported in Fig.3a .
A first THz image of the entire sample was captured (90x160 pixels, 6 hours of acquisition time). Each point is recorded at steps 200 µm long. The result is depicted in Fig.3b . Next, we closed up on the area framed by the white rectangle and captured a picture at very high resolution (200x200 pixels, for steps long 50 µm): the recording took a very long time (17 hours), but a significant result was obtained, which is depicted in Fig.3c . To illustrate the high-resolution capability of the microscope on a real object, we employed a fresh green leaf. A photograph of the sample under investigation is reported in Fig. 3a . A first THz image of the entire sample was captured at 90x160 pixels, with each point recorded at a step 200 µm long. The result is depicted in Fig. 3b . Next, we closed up on the area framed by the white rectangle and captured a picture at very high resolution (200x200 pixels, steps 50 µm long): the remarkable result is displayed in Fig. 3c . The veins are highly defined and very small details are resolved. Then, to demonstrate the depth resolution capabilities, we chose to image two overlapping paper sheets. Some letters were written above the sheets using a pencil. In Fig. 3d and 3e the photographs of the two paper pieces are shown. The two sheets were then superimposed by keeping them fixed on the two sides of a blank, 1.2 mm thick, PE layer in order to ensure the parallelism between their surfaces. Fig. 3f and 3g show the results. The plane with the letters NE was the nearest one to the laser source and this is the reason why it appears also as the clearest one. However, the letters on the back side have enough contrast to be clearly distinguished when in focus. ) is imaged again with more points (200x200 pixels), in order to obtain a high resolution close-up of the leaf. (d,e) Photographs of two paper sheets which were subsequently superimposed at a distance of about 1.2 mm. Letters were written using a pencil. THz images of the paper planes are shown in panels (f) and (g) (120x100 pixels).
III. CONCLUSION
In the present work we assembled a confocal microscope that exploits a THz quantum cascade laser as light source. The confocal spatial filtering sensibly reduces the depth of field of the microscope, as well as improves its resolution and contrast. The images acquired indeed show unprecedented definition and an excellent capability of resolving planes located at different depths in the samples examined.
